An apparent discrepancy arises about the role of calcium on the rates of oxygen consumption by mitochondria: mitochondrial calcium increases the rate of oxygen consumption because of the activation of calcium-activated dehydrogenases, and by activating mitochondrial nitric oxide synthase (mtNOS), decreases the rates of oxygen consumption because nitric oxide is a competitive inhibitor of cytochrome oxidase. To this end, the rates of oxygen consumption and nitric oxide production were followed in isolated rat liver mitochondria in the presence of either L-Arg (to sustain a mtNOS activity) or N G -monomethyl-L-Arg (NMMA, a competitive inhibitor of mtNOS) under State 3 conditions. In the presence of NMMA, the rates of State 3 oxygen consumption exhibited a K 0.5 of 0.16 AM intramitochondrial free calcium, agreeing with those required for the activation of the Krebs cycle. By plotting the difference between the rates of oxygen consumption in State 3 with L-Arg and with NMMA at various calcium concentrations, a K 0.5 of 1.2 AM intramitochondrial free calcium was obtained, similar to the K 0.5 (0.9 AM) of the dependence of the rate of nitric oxide production on calcium concentrations. The activation of dehydrogenases, followed by the activation of mtNOS, would lead to the modulation of the Krebs cycle activity by the modulation of nitric oxide on the respiratory rates. This would ensue in changes in the NADH/NAD and ATP/ADP ratios, which would influence the rate of the cycle and the oxygen diffusion. D
Introduction
Cells need mechanisms that ensure that the rate of formation of ATP matches tissue requirements for this molecule. In most mammalian cells, ATP is mainly formed through mitochondrial oxidative phosphorylation. Changes in ATP synthesis can be completed through alterations in the activities of the mitochondrial dehydrogenases, which generate NADH and FADH for the respiratory chain. Three of these dehydrogenases are of particular importance (i.e., pyruvate dehydrogenase, NAD + -dependent isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase) because they can be activated by increases in calcium, [ Calcium also plays an important role in the regulation of the citric acid cycle by activating pyruvate dehydrogenase, NAD + -dependent isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase [1 -5] , thus allowing the same signal that stimulates muscle contraction to activate the production of ATP to sustain it. Hence, and owed to many feedback mechanisms, oxygen consumption, NADH reoxidation, and ATP production are tightly coupled to coordinate its NADH production with energy expenditure.
Nitric oxide has been proposed as a modulator of the oxygen consumption, in a role beyond that mediated through the activation of soluble guanylate cyclase. The modulation of oxygen consumption is attained by the competitive inhibition of cytochrome oxidase by nitric oxide [6] [7] [8] . This can be efficiently achieved by stimulating mitochondria to produce nitric oxide for they are endowed with a mitochondrial nitric oxide synthase (mtNOS; see Refs. [9 -15] ). Experimental evidence for nitric oxide production by mitochondria has been provided by our laboratory (using purified rat liver mitochondria [12, 13] ) and others [9 -11,14,16,17] using a variety of approaches and biological systems. mtNOS has been identified as the nNOS isoform alpha, precluding a novel alternative spliced product [18] . It is likely coded by the same gene as nNOS since nNOS K.O. mice have no mtNOS [16] . In contrast to nNOS, mtNOS has been reported to have two distinct posttranslational modifications: acylation different from that found in eNOS, and phosphorylation at the C-terminus [18] . Clearly, the modulation of O 2 consumption by endogenous nitric oxide is transient and reversible as long as nitric oxide is generated in small quantities. Effects attributed to higher concentrations achieved during a sustained production of nitric oxide may include the inhibition of the respiratory chain at different levels [19] , increased rate of oxygen free radical production [19 -21] , cytochrome c release [22] , and nitration of proteins [23, 24] , among others.
Considering that the constitutive forms of nitric oxide synthase, i.e., nNOS and eNOS, account for the rapid, transient, calcium-dependent production of nitric oxide [25 -27] , thus, it would be expected that increases in mitochondrial calcium are required to activate mtNOS. In line with this assumption, stimulation of nitric oxide production by mtNOS was observed by bolus additions of calcium to mitochondria [14] . The authors proposed that uptake of calcium by respiring mitochondria may lead to increased peroxynitrite formation in mitochondria, which in turn causes calcium release [28] via the pyridine nucleotidedependent pathway [29] followed by mtNOS deactivation. These observations have been interpreted as part of a feedback loop that prevents calcium overloading and allows its release preserving membrane potential [14] . Considering the above situations, an apparent discrepancy arises in terms of the role of calcium on the rate of oxygen consumption: mitochondrial calcium increases the rate of oxygen consumption as a result of the activation of calcium-activated dehydrogenases, and by activating mtNOS, decreases the oxygen consumption due to the nitric oxide -cytochrome oxidase interplay. Albeit many studies have been published on the regulation of citric acid cycle by calcium, comparisons between the effects of calcium under conditions of mtNOS inhibition or stimulation have not been reported earlier. Because mitochondria are an important cellular calcium buffer, and the mechanisms controlling this cation concentration are relevant to mitochondrial metabolism and to cell proliferation, apoptosis, and necrosis [30] , we studied the regulation of these processes, i.e., Krebs cycle vs. mtNOS activities, by changing mitochondrial free calcium concentrations.
Materials and methods

Chemicals and biochemicals
All reagents used were of analytical grade. All chemicals and biochemicals were purchased from Sigma (St. Louis, MO), except for sucrose and magnesium chloride (Mallinckrodt), fatty acids free bovine serum albumin (ICN), EGTA (Acros), and fura-2 (Molecular Probes).
Isolation of rat liver mitochondria
Liver mitochondria were isolated from adult Wistar rats (180 -200 g) by differential centrifugation [12] . The medium used to isolate mitochondria contained 220 mM mannitol, 70 mM sucrose, 2 mM HEPES (pH 7.4), 0.1% defatted albumin, and 0.5 mM ethylene glycol bis(6-aminoethyl ether)-N,N,N V,N V -tetraacetic acid (EGTA). With this technique, it is possible to arrest calcium redistribution, which is necessary when studying the effects of hormone pretreatment [31, 32] . Purified mitochondria were obtained by Percoll gradient centrifugation [12] , subsequently washed with 150 mM KCl to dissociate arginase nonspecifically bound proteins. The Percoll purification step greatly reduces the contamination by endoplasmic reticulum and plasma membranes. The respiratory control ratio (RCR) was 5.5 F 0.5 (n = 12) with succinate. Protein was determined by the Lowry assay using bovine serum albumin as a standard [33] .
Measurement of nitric oxide production
mtNOS activity was evaluated by absorption spectrophotometry by following the oxidation of oxymyoglobin. This assay is based on the oxidation of oxy-to metmyoglobin by NO . [12] , sensitive to N G -monomethyl-L-Arg (NMMA) inhibition. This oxidation was followed at 630 nm in a spectrophotometer Cary 1E or in a dual-wavelength, doublebeam DW-2C at 22 jC in the presence of 0.2 mM oxymyoglobin using the following buffer: 125 mM KCl, 5 mM potassium phosphate, 1 mM HEDTA, 0.2 mM EGTA, 50 mM MOPS, pH 7.4, maintaining MgCl 2 at a constant concentration of 1 mM. Oxymyoglobin was prepared from a 1 mM solution of commercially available horse heart myoglobin in 0.1 M HEPES buffer, pH 7.4, and desalted by gel filtration.
Determination of respiratory rates
Rates of oxygen consumption were measured polarographically at 25 jC with a Clark oxygen electrode (Hansatech Instruments Limited Kings Lynn, Norfolk, UK). Typical incubations are carried out with 0.5-1 mg mitochondrial protein in 1 ml volume of incubation medium (125 mM KCl, 5 mM potassium phosphate, 1 mM HEDTA, 0.2 mM EGTA, 50 mM MOPS, pH 7.4, maintaining MgCl 2 at a constant concentration of 1 mM) at 25 jC for 5 min to achieve steady state conditions, followed by a suitable respiratory substrate (e.g., 10 mM a-ketoglutarate), and the additions of calcium and/or 0.3 mM ADP as indicated.
Calcium concentration evaluation
Mitochondria (10 mg protein/ml) were loaded with fura-2 by incubating with 10 AM of the dye for 20 min [34, 35] . The excess of dye was removed by several washes performed by centrifugation, and the RCR and P/O numbers were checked after this treatment to assure that mitochondria were still coupled and functional as the original preparations. The fluorescence of the mitochondrial suspension was measured at k exc 350 (calcium-sensitive k) and 365 nm (calcium-insensitive k) and k em 510 nm, and rationing the emission at the calcium-sensitive with the calciuminsensitive wavelength. The calculations regarding calcium concentration required the measurement of the minimum (with EGTA and Triton X-100) and maximum (plus 10 mM CaCl 2 ) fluorescence intensities [36] .
Statistical methods
The results represent the mean F S.E. of three replicates from one experiment. Each experiment was carried out a minimum of three times, and the results showed represent all results obtained. The effect of treatment was compared with control values by one-way analysis of variance (ANOVA). Tests were carried out using StatSimple version 2.0.5 from Nidus Technologies (Toronto, Canada).
Results and discussion
Production of nitric oxide with endogenous mitochondrial calcium
Purified and coupled rat liver mitochondria supplemented with 10 mM of either succinate or a-ketoglurate consumed oxygen at a rate of 10 F 1 and 11 F 1 nmol oxygen/min mg protein, respectively. Upon the addition of 0.3 mM ADP, the oxygen consumption increased to 52 F 4 and 56 F 1 nmol oxygen/min mg protein with succinate and a-ketoglurate as respiratory substrates, respectively. When these preparations were supplemented with L-Arg (3 Amol/ mg mitochondrial protein), these rates were decreased (in average) by 43 F 3% at 220 AM oxygen 1 . Under these conditions, the rate of nitric oxide production was 2.2 F 0.3 nmol nitric oxide/min mg protein. The inhibition of the mitochondrial oxygen consumption was ascribed to the production of nitric oxide by mtNOS for it was abrogated upon the addition of 2 mM oxymyoglobin (which converts nitric oxide to nitrite with the formation of metmyoglobin), NMMA (a competitive inhibitor of NOS), and D-Arg 2 , and it was found resistant to the inhibition by NMMA. The inhibition of cytochrome oxidase activity has been interpreted as the competition between nitric oxide and oxygen for the binding to cytochrome oxidase [8] . This inhibition is reversible, with no changes in the V max and increases in the apparent K m for oxygen in the presence of nitric oxide [8] .
This rate of nitric oxide production was obtained without the exogenous supplementation of calcium to mitochondria as it was observed by our lab previously [8, 12] . Thus, it was assumed that the concentration of this cation in our mitochondrial preparations was sufficient to sustain a mtNOS activity. This assumption was confirmed by evaluating the calcium content of these mitochondria which resulted to be (0.9 F 0.1) AM. Given that the reported K 0.5 of purified nNOS from various species is between 0.2 and 0.4 AM [27, 37, 38] , and assuming a Michaelis -Menten behavior for mtNOS (and that all substrates and cofactors are not limiting for its activity), then the production of nitric oxide evaluated under these conditions (without exogenous supplementation of calcium) would represent a 75% of the V max .
Effect of calcium on respiratory rates of NMMA-treated liver mitochondria
To investigate the effect of calcium concentrations on Krebs cycle activity alone, we evaluated the rates of oxygen consumption in the presence of NMMA under States 4 and 3 (substrate-supplemented mitochondria and phosphorylating mitochondria, respectively). To evaluate the effect of calcium on the oxygen consumption when mtNOS is activated, we followed the rates of oxygen consumption and nitric oxide production in the presence of L-Arg under State 3 ( Fig. 1 ) and State 4 (not shown) conditions.
Given that mitochondrial dehydrogenases are sensitive to changes in the 0.1-10 AM calcium concentration range, it was essential to control the concentration accurately using appropriate buffers. Because EGTA is suitable at pH V 7.2, to cover a wider range that included pH 7.4, we used a combination of EGTA, N-(2-hydroxyethyl) ethylenediamine triacetate (HEDTA) and N-(morpholino) propanesulfonic acid (MOPS; see Refs. [39 -41] ). Mitochondria (isolated as described under Materials and methods) were incubated for 10 min in this buffer, and the concentrations of extramitochondrial free calcium in the reaction mixture were calculated utilizing published equilibrium constants, at a fixed Mg concentration, with or without the addition of ADP [4, 42] . Using fura-2 as an indicator for matrix free calcium, it was possible to assess the effects of intramitochondrial free calcium on mitochondrial metabolism.
In the presence of NMMA, the rates of State 3 oxygen consumption of liver mitochondria increased with extramitochondrial free calcium concentrations. The effect of calcium on oxygen consumption is clearly shown in a Lineweaver -Burk plot (Fig. 1) , which indicated that the K 0.5 was 0.16 AM intramitochondrial free calcium concentration (equivalent to 0.07 AM for extramitochondrial free calcium). The increase in oxygen consumption can be explained in terms of calcium activation of dehydrogenases and/or mitochondrial uncoupling by calcium transport. To evaluate the possibility of calcium-dependent uncoupling, we evaluated the P/O values in the presence of succinate as a function of calcium concentration. The P/O ratios were constant up to 5 AM extramitochondrial free calcium or 9 AM intramitochondrial free calcium, suggesting that uncoupling was not significant at the calcium concentrations used in this study (1.51 F 0.02 and 1.55 F 0.03 at 0 and 6 AM intramitochondrial free calcium, respectively). Thus, the increase in oxygen consumption upon addition of calcium was attributed mainly to the activation of matrix dehydrogenases. In this regard, our experimental K 0.5 is in accordance with those reported for a-ketoglutarate dehydrogenase (0.12 -0.8 AM [43] ; see Ref. [64] ).
Previous reports indicated that increases in matrix free calcium elevated the activities of three dehydrogenases of the citric acid cycle, namely, pyruvate, oxoglutarate, and isocitrate dehydrogenases [1 -5] , and some studies indicated that the most significant effects of calcium are exerted via stimulation of the a-ketoglutarate dehydrogenase flux (Ref. [43] and references therein). If this is the case, under our experimental conditions, an extramitochondrial free calcium concentration of 0.5 AM, which results in a matrix free calcium concentration of 1.5 AM (at 1 mM Mg 2 + and 0.2 mM Na + ; experimentally evaluated using fura-2 and supported by the values obtained in Ref. [43] ), would result in a decrease in the apparent K m for a-ketoglutarate from 2.5 to 0.6 mM [43] . The higher affinity of a-ketoglutarate dehydrogenase for a-ketoglutarate would lead to a 1.3-fold increase in the oxygen consumption at 10 mM a-ketoglutarate. In line with this, the increase in oxygen consumption observed under our experimental conditions was consistent with that expected for such a change in the apparent K m (Fig. 1). 
Effect of calcium on respiratory rates in L-Argsupplemented liver mitochondria
To investigate the effect of calcium on oxygen consumption by nitric-oxide-producing mitochondria, experiments were performed with mitochondria incubated with L-Arg. The rates of oxygen consumption in State 3 with L-Arg increased with extramitochondrial free calcium concentrations, although at a lower extent than those in the presence of NMMA (Fig. 1) . This effect was expected because of the competitive inhibition of cytochrome oxidase by nitric oxide [8] . Because the observed rate of oxygen consumption in the presence of LArg is the result of two opposite effects, i.e., (1) the inhibition of cytochrome oxidase by nitric oxide species produced by calcium-dependent mtNOS activity, and (2) the calcium-dependent activation of the Krebs cycle, then by subtracting from the NMMA-supplemented rates of oxygen consumption (solely Krebs activation), the L-Arg-supplemented rates (both effects), the resulting rates are those representing solely the effect of calcium 
on mtNOS activity (Fig. 1) . The kinetics of oxygen consumption showed a K 0.5 of 0.64 and 2 AM extra-and intramitochondrial free calcium concentrations, respectively. It can be concluded that the activation of the Krebs cycle required a K 0.5 of 0.60 AM of intramitochondrial free calcium (from NMMA data, see above), whereas the effect of nitric oxide on the respiratory rates exhibited a K 0.5 of 2.0 AM. Thus, an extramitochondrial free calcium concentration (or as an extension, a cytosolic one) of 0.2 AM (concentration approximately equivalent to 0.6 AM intramitochondrial free calcium concentrations at 1 mM Mg 2 + and 0.15 mM Na + evaluated by fura-2 and confirmed by others under similar conditions [43] ) will result in 50% of the Krebs cycle activation and 23% of the V max for nitric oxide production. In other words, even at this low, physiological cytosolic (or extramitochondrial) calcium concentration the amount of nitric oxide produced under these conditions would be sufficient to decrease the oxygen consumption in State 3.
Effect of calcium on rate of nitric oxide production by liver mitochondria
When the rates of nitric oxide production by mitochondria were independently evaluated varying the concentration of calcium, a sigmoidal curve was obtained with a K 0.5 of 0.9 AM of intramitochondrial free calcium ( Fig. 2 ; equivalent to 0.26 AM extramitochondrial free calcium). No significant rate of nitric oxide production was obtained when mitochondria were incubated in the presence of either NMMA (regardless of the calcium concentration), indicating that the generation of nitric oxide was sustained by the mtNOS (Fig. 2) , or 20 AM ruthenium red, an inhibitor of the calcium uniporter (not shown). The K 0.5 value was similar to that calculated from the difference in respiratory rates with L-Arg and NMMA (K 0.5 = 1.2 AM; Fig. 1 ), indicating that both processes are biochemically linked, and is low enough that the influx of calcium would not compromise the electrical potential difference across the inner membrane. Of note, our experimental K 0.5 was three times higher than those reported for purified nNOS (K 0.5 of 0.2 -0.4 AM [28,38,39]) or for less purified preparations from brain and N1E-115 neuroblastoma cells [39, 51] . Although mtNOS is the nNOS-1 alpha isoform, the apparent discrepancy can be attributed to the posttranslational modifications found in mtNOS that had not been reported for nNOS [18] .
Our data demonstrated that the Krebs cycle dehydrogenases (among them probably the a-ketoglutarate dehydrogenase) are more sensitive to lower levels of calcium than mtNOS (compare 0.16 with 0.9 AM, respectively). However, because cytosolic calcium of heart cells oscillates from below 0.1 to over 1 AM from beat to beat (although matrix free calcium is difficult to predict), and 1 AM cytoplasmic calcium concentrations have been reported upon stimulation with hormones or other agents [47 -50] , the concentrations found in this study are within this physiological range, and these two pathways could be activated simultaneously or sequentially, depending on the calcium concentration.
The sigmoidal kinetics can be explained by either the cooperative binding of calcium to calmodulin, which in turn, activates NOS activity, or by considering the kinetics of the calcium uniporter, which is second-order in calcium concentrations. However, the large apparent K m for the uniporter (10 -20 AM; see Refs. [44, 45] ) makes it unlikely. A Hill plot of these rates vs. calcium concentrations resulted in an apparent n H of 2.98 as expected for a positive cooperativity. Two macroscopic association constants were calculated of 6.7 Â 10 5 and 0.67 Â 10 5 , comparable to those obtained for calmodulin in the presence of Mg 2 + (3.0 Â 10 5 and 0.62 Â 10 5 ; see Ref. [46] ). The sigmoidal response (as opposite to a hyperbolic one) acts as an ''off -on switch'' because a change in calcium concentration from 0.125 to 0.25 AM would result in a 4-fold increase in the rate. To obtain the same increase in velocity, a hyperbolic curve (with the same K 0.5 ) would require a 5.4-fold increase in calcium concentration. Although other reports indicated the calcium dependency of a mtNOS activity, the sigmoidal kinetics was not observed and comparisons between K 0.5 are not possible for the experimental conditions (e.g., amount of mitochondria, preparation procedure, and methodology) are not comparable [23] . 
Concluding remarks
In this study, we investigated the effect of calcium on the activation of the Krebs cycle and mtNOS. Because it has been indicated that the basal level of calcium in mitochondria is about 0.2 AM and approaches 1 AM on treatment of the preparations within hormones or other agents that increase cytoplasmic calcium concentration [47 -50] , the calcium concentrations used in this study were within this physiological range. In this regard, the levels of calcium did not uncouple mitochondria (as it was observed by evaluating P/O values with calcium concentrations) or were beyond any reported physiological limit.
We have confirmed previous reports that low AM levels of calcium were required for the activation of dehydrogenases [1 -5] . In contrast to previous studies, our results precluded the putative activation of mtNOS by either calcium or L-Arg, for NMMA, a competitive inhibitor of mtNOS, had been present in those preparations in which the sole effect of calcium on the Krebs cycle had to be evaluated.
Using this approach, at extramitochondrial free calcium concentrations (equivalent to cytosolic ones) as low as 70 nM were sufficient to exert an increase in the oxygen consumption, resulting primarily from the increased Krebs cycle activity. It has been reported that a calcium-mediated activation of a-ketoglutarate dehydrogenase and the consequent decrease in a-ketoglutarate concentration in the matrix, results in the release of the inhibition of aspartate aminotransferase by its competitive inhibitor a-ketoglurate [52] . Aspartate aminotransferase is an enzyme required for the operation of the malate/aspartate shuttle [53] , and its ensuing activation results in the increased aspartate efflux from mitochondria and glutamate influx in mitochondria [54] , mediated by the reported calcium-stimulated aspartate/glutamate carrier [55] . This activation would eventually decrease the cytosolic [lactate]/[pyruvate] ratio, promoting pyruvate and glucose oxidation. Combining these two effects initiated by calcium, an increase in matrix NADH would result, as a consequence of the activation of a-ketoglurate dehydrogenase, and transport of reducing equivalents from the cytosol via the malate/aspartate cycle would ensue. At higher calcium concentrations, the effect of nitric oxide on the respiratory rates would be evident, especially considering the sigmoidal shape of the kinetics of nitric oxide production. The K 0.5 for this production was 0.9 AM intramitochondrial free calcium concentration, which is within the physiological range and below (200 times in average) the concentration required to release cytochrome c to initiate apoptosis [58] or uncoupling (10 times; this study).
The interaction of nitric oxide with cytochrome oxidase decreased the respiratory rates as observed in this and other studies [8, 14] . As a consequence, it has been reported that the mitochondrial membrane potential (DW) increases [14] , an effect that has been proposed to activate the malate/ aspartate shuttle [59] , given that the aspartate/glutamate carrier is driven by the mitochondrial proton motive force [60] . It should be noted that the increased DW should have important effects on mitochondrial calcium uptake as the initial rate of calcium uptake in liver mitochondria is proportional to the magnitude of DW [61] . This suggests that not only cytosolic calcium may regulate mitochondrial function, but, once mtNOS is activated, subsequent incoming calcium could be further modulated, e.g., by decreasing the available cytosolic calcium to nearby mitochondria. With higher concentrations of calcium, it is also possible to activate the other two dehydrogenases (namely pyruvate and isocitrate), which have lower affinity for calcium activation 3 [4] and the increases in State 3 respiratory rates might result in significant decreases in the oxygen concentration around these mitochondria within milliseconds. If oxygen supply is limiting, nitric oxide, by slowing down the respiratory rates of those mitochondria in which mtNOS has been activated by calcium, would allow a smoother gradient of oxygen to the rest of the cell(s) [62] , thus modulating the oxygen availability and as a consequence, the activities of the dehydrogenases as it has been observed in our study. This effect might explain the relatively slow reoxidation of NAD(P)H, compared to the return of mitochondrial calcium to basal levels when hepatocytes are stimulated with vasopressin, aside from the increases in both DW and DpH [63] .
A key objective for the near future will be to try to obtain more direct evidence for the control that matrix calcium exerts on the Krebs cycle and mtNOS (among other effects) in intact cells or organs under conditions considered as ''normoxic'' (oxygen concentrations of 20 AM or below) for the cells and tissues.
